Hibernation is a highly dynamic phenotype whose timing, for many mammals, is 50 controlled by a circannual clock and accompanied by rhythms in body mass and food intake. 51
the first day that torpor occurred in each individual ( Fig 1C) . We next estimated the heritability 113 of, and identified genetic variants associated with, the onset of autumn torpor in this species. 114
Finally, we integrated data from prior transcriptomic studies to identify transcripts whose 115 expression levels were significantly associated with these variants. Our results present new 116 insight into the genetics driving the transition from homeothermy to heterothermy and illustrate 117 the power of genetic analysis to attack questions of exceptional biological significance in a 118
non-classical genetic model organism. 119
120
Results 121
Long-range scaffolding of the draft genome assembly 122
At the time this study began, the existing 13-lined ground squirrel genome assembly 123 (like that of many non-model organisms) contained thousands of unordered scaffolds, which 124 could lead to difficulties in identifying causative variants, as peaks in linkage disequilibrium 125 (LD) could be spread across multiple scaffolds. We therefore first sought to increase the 126 genome's contiguity using a long-range scaffolding technique [23] . 127
A single library was constructed using proximity ligation of in vitro reconstituted 128 chromatin. After sequencing, which provided 52.6x physical coverage of the genome (Table 1)  129 and scaffolding, the contiguity of the final HiRise assembly was increased approximately three-130
fold as compared to the existing draft assembly (N50 of 22.6Mb vs 8.19Mb; Table 1 , Fig S1  131 and Table S1 ). The longest scaffold increased from 58.28Mb to 73.92Mb. Importantly, 539 132 original draft assembly scaffolds were reduced to just 33 scaffolds, which now contained half of 133 the genome (Fig S2) . 134 135 137
Identification of genetic variants 138
We next applied a modified ddRAD sequencing protocol previously described in [24] to 139 generate libraries for 153 13-lined ground squirrels from which we obtained DNA from frozen 140 tissue. After aligning the resulting sample library reads to the HiRise genome assembly (Table  141 S2), we retained 337,695 loci (50.65 Mbp) that fell between predicted BglII and DdeI target 142 regions, with coverage of at least one read in one individual. Applying variant calling and 143 filtering to these loci (Fig S3) , we next identified 786,453 biallelic variants, which had an overall 144
Ti/Tv ratio of 2.19, comparable to ratios reported within intronic and intergenic regions [25] . For 145 use in downstream analyses, we retained 575,178 variants for which genotypes were present 146 in at least 90% of the individuals. Of these retained variants, 35,257 were indels, whereas 147 539,921 were single nucleotide polymorphisms. 148
149

Population Structure and Genetic Relatedness 150
The squirrels genotyped in this study originated from wild stock trapped in disparate 151 geographical locales (Fig 1D) . The records for their exact source and relatedness were not 152 always available. This was not due to intentional sampling design, but rather due to the 153 availability of squirrels each year, either trapped from the wild or supplied from a breeding 154 colony, and the biological questions originally being pursued. Therefore, to identify population 155 structure within our sample set, we applied ADMIXTURE clustering with 5-fold cross validation 156
[26] on K=2 through K=10 ancestral populations using a set of 54 unrelated individuals who 157 best represented the ancestries of all squirrels (Fig S4; see Methods) . We then applied 158 ADMIXTURE projection to estimate proportions of learned ancestries within the remaining 99 159 squirrels. The lowest cross validation error occurred at K=3 (Fig 2A, top (Table S3) , except for the two (non-LaX) within Oshkosh (0.16) and the two within IL (0.23), 175 again supporting the notion of limited gene flow at increased geographical distance. 176
The first three principal components (PCs) from a PCA-based analysis recapitulated 177 both the observed ADMIXTURE K=6 clustering and the known geographical sampling locales 178 of the squirrels (Fig 2B) . All populations were distinctly separated, except for the two within 179
Oshkosh, whose separation was only observed at the higher PCs (PC17 and PC19, Fig S5) . 180
181
Genetic relatedness within the Oshkosh breeding colony 182
Due to the strong population structure, and hence large differences in allele 183 frequencies, we limited further analysis to just the Oshkosh population of squirrels (not 184 including LaX, n=119), for which we were able to collect the most phenotypic measurements 185 (n=72 , Table S4 ) from analysis of the body temperature telemetry data, as opposed to fewer 186 than n=10 phenotypic measurements in each of the remaining populations. Our existing 187 records from the breeding colony suggested that many of these squirrels were littermates, 188 although exact relatedness was unknown. We therefore estimated relatedness, adjusting for 189 population substructure with the first PC [29, 30] , which distinguished the two ancestral 190 components (Fig 2C) . Using pedigree reconstruction [31], we identified 19 first-degree families, 191 to which 80% of the squirrels belonged. Consistent with our records, most of these families 192 were composed solely of littermates (Fig 2D, right plot) , although in some cases we also 193 identified parent-offspring relationships (Fig 2D, left plot) . 194
195
Heritability Estimates for Timing of Autumn Torpor Immersion 196
We next investigated the effect of genetic architecture on autumn torpor onset within the 197 Oshkosh subset of animals. We estimated heritability of this trait using a linear mixed model, in 198 which we controlled for sex, year of monitoring and date of placement into the hibernaculum 199 (our fixed effects, see methods), and we input the genetic relatedness estimates as the 200 random effect. Unexpectedly, this model converged with no residual error in the variance 201 components, resulting in an estimate of 100% heritability (LMM, 
Genome-wide Association Scan 212
We identified genetic variants associated with the onset of autumn torpor by performing 213 a genome-wide association scan (GWAS) using 46,996 variants with a minor allele frequency 214 (MAF) ≥ 0.05 and the fit from the linear mixed model. As this was an exploratory analysis using 215 a relatively small sample set, we set a significance cut-off at p≤5x10 −4 . After accounting for 216 LD, we identified 21 loci that we considered significantly associated with the phenotype (Fig 3A  217 and Table 3 ). Although none of the variants met strict genome-wide significance after 218
Bonferroni correction (p<1x10 −6 ), a plot of the observed vs expected quantiles of log-219 transformed p-values (Q-Q plot) showed an excess of significant values well above the dashed 220 line in the tail of the distribution (Fig 3B) . Furthermore, while the estimated mean allelic effect 221 size was −0.04 days (SD=1.84, n=46,996), the effect sizes for these 21 significant variants 222 were all within either the top or bottom 1% of the total distribution, being at least ± 4.25 days 223 for each additional allele ( Fig 3C and We estimated the amount of phenotypic variance explained by the significant loci via 237 linear regression. While the initial model fit with just the fixed effects of sex, year of monitoring 238 and date of hibernaculum placement accounted for 25% of the variance in onset of torpor (Fig  239   4A ), these 21 markers explained 54% of the variance ( Fig 4B) and when combined with the 240 fixed effects, accounted for 85% of the total variance in the phenotype (Fig 4C) . Furthermore, 241 the most significant GWAS variant (SNP 15, Table 3 When we examined the genes located nearest these significant variants, many were 247 functionally related to themes consistent with physiology underlying the transition to 248 hibernation, such as insulin processing and signaling, feeding and satiety, and control of heart 249 rate (Table 3) into its mature form [47] , was located in close proximity to SNP 13 ( Fig 5F) . 269
270
Identification of eQTLs using transcriptomic datasets 271
We hypothesized that these significant loci might be linked to gene regulatory variants. 272
We therefore applied an expression quantitative loci (eQTL) analysis using the EDGE-tag 273 transcript datasets from heart, liver, skeletal muscle (SkM) and brown adipose tissue (BAT) 274 [48, 49] , since a subset of the squirrels genotyped in this study were assayed for transcriptome 275 expression in these prior studies. Under an additive linear model, we identified significant cis-276 eQTL associations (±500kb, q<0.1) for 9/21 variants ( Table 4) None of the variants met significance thresholds (q<0.1) to be identified as trans-eQTLs 302 (Tables S5-S8) ; however, this was likely due to the relatively small sample sizes (n=22-23 in 303 heart, SkM and liver; n=43 in BAT) and the large number of EDGE-tags tested (25-30K per 304 tissue) in each dataset. We therefore examined the top trans-eGene (>500kb from variant) for 305 each significant cis-eQTL, hypothesizing that we would identify genes within the same pathway 306 or consistent with the physiology of the cis-eGene. Indeed, in heart, the angiotensin II receptor 307 type 1, AGTR1, involved in regulation of blood pressure [51] , was the top trans-eGene for SNP 308 20 (p=2.97X10
−5 , Table S5 ). In contrast to CHRM2, this transcript showed decreased 309 expression in relation to the minor allele (Fig 6C, right Mammalian hibernation is a highly dynamic and extraordinary phenotype that remains 327 poorly understood. While it has been characterized at behavioral, whole body, cellular, and 328 molecular levels, a genetic basis of the phenotype has yet to be established. Our study is the 329 first, to our knowledge, to characterize genome-wide variation within a hibernator, the 13-lined 330 ground squirrel. This enabled us to estimate the heritability of, and identify genetic variants 331 associated with, the onset of seasonal heterothermy. 332
Our results of heritability are consistent with those from a study that reported significant 333 heritability in spring emersion from hibernation in wild Columbian ground squirrels [60] . 334 However, our estimates for immersion into hibernation are much higher. This is likely due to 335 differences between monitoring animals in an animal facility, where environmental conditions 336 and access to food are relatively constant and social cues are minimal, and monitoring animals 337 in the field, where phenotypic plasticity in response to changing environmental conditions also 338 influences phenological timing [61, 62] . In the wild, differences in age (adult vs juvenile) and 339 hibernation timing have been observed [61] . While age did not significantly affect hibernation 340 onset in our study, it is worth noting that 74% of the squirrels in this dataset were juveniles, 341 and therefore hibernation-naïve prior to their first torpor bout. Juveniles likely face a far greater 342 challenge in growing and fattening sufficiently to support winter hibernation in the wild; in 343 contrast, in a relatively constant, resource-rich laboratory environment, hibernation onset for 344 these animals may be particularly driven by endogenous mechanisms, thus increasing 345 heritability estimates. 346
In [66] . This may 351 be simply due to limited sample size, as we were underpowered to detect variants with small 352 effect size and/or at low frequency. However, the results from our ADMIXTURE analysis 353 suggest that wild-trapped founders from two distinct populations were crossed to form the 354 breeding colony. One possible explanation is that torpor onset differs between these two 355 populations, and if so, local genetic adaptation in each could explain the relatively few loci of 356 large effect driving phenotypic variation [67] . 357
Although more research is now needed to determine the precise role in torpor 358 immergence for each of these loci, we propose candidate genes, oftentimes the closest to the 359 marker, due to their function being closely related to the physiology of this seasonal transition. 360
In particular, several genes are known to modulate food intake, such as the prolactin-releasing 361 hormone receptor (PRLHR), motilin (MLN), and procolipase (CLPS) [ (Fig 1D, "WI") . These 413 included 73 juveniles naïve to hibernation in the year of study, and 57 adults with at least one 414 year of hibernation. While most from the colony were bred from squirrels originally wild-trapped 415 in northeastern Wisconsin (in and around Oshkosh), several of those obtained from the 416
Oshkosh colony in 2010 were actually bred from either a single or both parents wild-trapped in 417 far western Wisconsin, more than 100 miles away (in and around La Crosse, WI). However, 418 records to identify these specific squirrels were not always maintained. In addition, 17 squirrels 419 County, Colorado (5 and 1, respectively; Fig 1D, "CO") . 424
Upon arrival, animals were housed individually in rodent cages (Fig 1B, bottom) In late September or early October, the squirrels were moved to the hibernaculum to 433 facilitate hibernation. The temperature was lowered stepwise over a two-week period to 4°C. The DNA was then sheared to ~350 bp mean fragment size and sequencing libraries were 463 generated using NEBNext Ultra enzymes and Illumina-compatible adapters. Biotin-containing 464 fragments were isolated using streptavidin beads before PCR enrichment of the library. The 465 library was sequenced on an Illumina HiSeq 2500 (rapid run mode) to produce 150 million 466 2x101bp paired end reads, which provided 52.6x physical coverage of the genome (1-50kb 467 pairs). 468
The 13-lined ground squirrel draft assembly, shotgun reads, and Chicago library reads 469 were used as input data for HiRise, a software pipeline designed specifically for using 470 proximity ligation data to scaffold genome assemblies [23] . Shotgun and Chicago library 471 sequences were aligned to the draft input assembly using a modified SNAP read mapper 472 (http://snap.cs.berkeley.edu). The separations of Chicago read pairs mapped within draft 473 scaffolds were analyzed by HiRise to produce a likelihood model for genomic distance 474 between read pairs, and the model was used to identify and break putative misjoins, to score 475 prospective joins, and make joins above a threshold. After scaffolding, shotgun sequences 476 were used to close gaps between contigs. Table S1 describes the input draft assembly 477 scaffold placement within the HiRise scaffolds. 478
Gene annotations from the Ensembl (Release 86) and NCBI (Release 101) datasets 479
were lifted over to the HiRise assembly using a custom Python script and Table S1 . 
Variant calling and Filtering 494
Reads were mapped to the 13-lined ground squirrel HiRise assembly with BWA v. 495 0.7.12. [86] . Tables of predicted BglII and DdeI restriction digest fragments were generated as 496 described in [24] , and sequencing coverage was measured at these sites. We then defined 497 "target regions" for variant calling using the set of fragments between 125-350 bp long that had 498 non-zero coverage in at least one individual. The mapping data are summarized in Table S2 . 499
Because publicly available data on 13-lined ground squirrel genetic variation is non-500 existent, we instead used several variant callers to identify genetic variants and to assess 501 concordance of the genotype calls at each site. Variant calling was performed independently 502 with Sentieon [87], Platypus [88] and Samtools [89, 90] . In Sentieon, the pipeline algorithms 503 indel realignment, base quality score recalibration, haplotyper and GVCFtyper were 504 implemented with default settings. In Samtools, variants were called jointly using mpileup to 505 first compute genotype likelihoods and then BCFtools to call genotypes with default 506 parameters. Finally, variants were called jointly in Platypus with the following parameters: 507 minFlank=3, badReadsWindow=5, maxVariants=12, and minReads=6. Only biallelic variants 508 that both passed the filter flags and were identified by all three callers were retained (Fig S3) . 509
These variants were next intersected with GATK [91] and compared for genotype call 510 concordance across samples [92] . Those that were ≥ 95% concordant were kept. Basic 511 statistics about the callset, including depth, missingness, heterozygosity, Hardy-Weinberg 512 equilibrium, and TiTv ratio were calculated in VCFtools [93] . Variants with excessive coverage 513 (≥ 65X, approx. 4x the mean coverage, Table S2 ) and heterozygosity (obs./exp. ratio ≥ 1.2) 514 were removed from the callset (Fig S3) . Sample libraries with excessive missingness and/or 515 heterozygosity were removed, remade, and resequenced. Variants then were reiteratively 516 called and filtered as described above. Finally, variants present in ≥ 90% of the sample 517 libraries were used for further downstream analyses. 518
Population Structure and Genetic Relatedness Estimates 519
We first inferred relatedness from identity-by-state (IBS) estimates among all genotyped 520 squirrels (n=153) using KING software [94] . Due to the expectation that the Colorado squirrels 521 are of a separate subspecies [95], relatedness was calculated independently for this subset. 522
We selected an unrelated subset of 54 squirrels that best represented the ancestries of all 523 squirrels within the dataset using the GENESIS package [96] in R [85]. Variants were pruned 524 for LD in PLINK v. 1.9 [97] using the parameters --indep-pairwise 50 10 0.5, which reduced the 525 dataset to 148,870 variants. We then ran unsupervised ADMIXTURE [26] for K=3 through 526 K=10 with 5-fold cross-validation. To estimate the ancestries of the remaining 99 squirrels, we 527 ran ADMIXTURE's projection analysis using the population structure learned in the initial 528 unsupervised analysis, here with K=2 through K=8 and 5-fold cross-validation. 529
We performed principal components analyses (PCA) with PLINK using 90,376 LD 530 pruned variants with MAF > 0.01 for the entire dataset and 30,356 LD pruned variants with 531 MAF > 0.01 for the squirrels within the Oshkosh, WI, population (n=119), as identified by 532 ADMIXTURE analysis. We extracted the top 20 principal components in each analysis. 533
Finally, we calculated genetic relatedness among the 119 Oshkosh WI squirrels using 534 the GENESIS package, adjusting for both population substructure and inbreeding with the first 535 principal component [29] . We used the resulting kinship coefficients and identity-by-descent 536 (IBD) estimates to reconstruct and visualize pedigrees among the 1 st degree relatives with 537 PRIMUS [31] . We also constructed a genetic relatedness matrix from the pairwise kinship 538 coefficients. 539 540
Genome-Wide Association Scan and Heritability Estimates 541
All analyses, unless otherwise stated, were performed in R [85] . To identify 542 environmental and biological factors that affected the date of first torpor, we applied a linear 543 regression using variables available from records about the squirrels. In this initial model: 544
Date of first torpor = f(sex + year of monitoring + date of datalogger implantation + age 545 (juvenile vs. adult) + date of placement into hibernaculum + weight (as last recorded before 546 placement into hibernaculum). 547
We then pruned factors using step-wise regression until we identified a minimum set that did 548 not significantly reduce the adjusted R-squared value from the initial model, yet also returned a 549 low AIC value. In this final model: 550
Date of first torpor = f(sex + year of monitoring + date of placement into hibernaculum). 551
These were our fixed effects. 552
We carried out a genome-wide association scan (GWAS) on the date of first torpor 553 using GENESIS [96] . We first fit a linear mixed model using the fixed effects and the genetic 554 relatedness matrix as the random effect. We then performed SNP genotype association tests 555 with 46,996 SNPS (MAF≥0.05) and the fit from the linear mixed model. As this was an 556 exploratory analysis, we considered any variant with p≤5x10 −4 to be significantly associated 557 with the phenotype. To account for LD, We calculated the r 2 values for significant SNPs within 558 the same scaffold using PLINK [97, 98] . We removed those in moderate to high LD (r 2 ≥0.5), 559 reporting only the most significant variant. 560
We estimated heritability of the first day of torpor from the variance components of the 561 linear mixed model. In addition, we also estimated heritability of this phenotype using a 562 separate Bayesian mixed model with the MCMCgrm package in R [99]. Here we input the 563 same fixed and random effects (i.e. genetic relatedness matrix) as in the linear mixed model. 564
For the prior, we used an uninformative inverse-gamma distribution (with variance, V, set to 1 565 and belief parameter, nu, set to 0.002) on the variance components. We ran three chains, 566 each with a total of 1,000,000 iterations, a burnin of 100,000 rounds and a thinning interval of 567 200 rounds. Here, all variables had Gelman-Rubin statistics of 1.00 -1.01, with the absolute 568 value of all autocorrelations < 0.1 and effective sample sizes between 3682.8 and 5294.5. We 569 combined the 3 chains in order to estimate the posterior mode and confidence intervals of the 570 variance components. 571
Finally, we estimated the effects of the significant GWAS variants on the onset of torpor. 572
Specifically, we used linear regression with the phenotype as the dependent variable and a 573 matrix of significant variant genotypes, either with or without the fixed effects, as the 574 explanatory variables. We also performed forward stepwise regression using genotype 575 combinations from the top 10 significant variants. 576
577
EQTL analysis 578
We applied an eQTL analysis to identify transcripts whose expression levels were significantly 579 affected by the GWAS variants. Here, we used the EDGE-tag datasets from heart, liver, 580 skeletal muscle (SkM) and brown adipose tissue (BAT) previously described in [48, 49] , where 581 total RNA was digested with NlaIII, resulting in the generation of ≈27-nt "EDGE-tags" [100], 582 which mapped to the 3'UTR's of transcripts. The squirrels assayed in these prior transcriptome 583 studies were also genotyped in this study: heart (n=22), liver (n=23), SkM (n=22) and BAT 584 (n=43). Due to small sample sizes, we limited our eQTL association tests to significant GWAS 585 SNPS with MAF ≥ 0.2 in heart, liver and SkM and ≥ 0.1 in BAT, which ensured that a minimum 586 of 9 samples contained at least one minor allele. 587
Tests for both cis-(±500kb) and trans-eQTLs were performed with Matrix eQTL [101] 588
under an additive linear model. As the purpose of the original EDGE-tag studies was to identify 589 differentially expressed transcripts among distinct physiological states within the hibernator's 590 year, we included physiological state as a covariate (5 states in heart, liver and SkM: spring 591 cold, SpC; summer active, SA; interbout-aroused in hibernation, IBA; entering torpor in 592 hibernation, Ent; and late torpor in hibernation, LT; 9 states in BAT, in addition to the those 593 previously mentioned: spring warm, SW; fall transiton, FT; early torpor in hibernation, ET; early 594 in arousal from torpor in hibernation, EAr). In BAT, sequencing platform was also included due 595 to the count bias observed in [49] . Finally, to control for outliers and following 596 recommendations by Matrix eQTL, the counts for each Edge-tag were ranked and quantile-597 normalized before testing. 598 599 Acknowledgements 600
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